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ABSTRACT
Wastewater is an abundant biological resource and a potential source of clean energy. In a microbial
fuel cell (MFC), bacteria oxidize substrates to produce free electrons, or electricity. The treatment of
wastewater is one benefit of this process. Optimum designs and conditions for MFC operation are not yet
fully defined. A novel, low-cost MFC with a large anode surface was designed to enhance biofilm growth
and substrate consumption. Several MFCs were chemically prepared to encourage electron deposition.
Biofilm from the MFC producing the most power was used to seed new fuel cells; this process can be
repeated to select the most efficient energy-producing microorganisms. The MFC enriched with iron (III)
chloride, FeCl3, produced the most power-approximately 1.2 W/m2. Added nitrogen and carbon were
consumed after 72 hr with 62% voltaic efficiency. These data together with characterization of the microbial
community suggests that selective pressures on electricity-producing microbial communities can improve
MFC efficiency for both power output and wastewater treatment.
Keywords: microbial fuel cells, anode enrichment, biofilm, wastewater treatment, wastewater treatment
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1. INTRODUCTION
Our wastewater is a feast for billions of bacteria. This abundant biological resource can also be a
source of clean energy. The microbial fuel cell (MFC) is a rapidly developing technology, which promises
the benefit of harvesting electricity while biologically treating wastewater.
Currently many wastewater treatment plants use activated sludge. This is a century-old, energyintensive, aerobic process that requires pumping air into a reactor. The process is expensive; annual costs of
treating U.S. wastewater alone are $25 billion and escalating; many more billions will be needed in future
decades to maintain and replace ageing infrastructure. [1, 2, 3, 4] Furthermore, expanding wastewater
infrastructure to accommodate an increasing population adds to this cost. Globally, there is an urgent need
for low-cost water treatment technologies in developing countries and in rural areas.

A. Background
In recent years many studies have examined the feasibility of new, energy-saving, anaerobic treatment
technologies. These include biogas reactors and bio-electrochemical systems. [5, 6, 7] Microbial fuel cells, a
type of bio-electrochemical system, directly capture electrons produced by microbial catabolism. Biogas
reactors convert biomass into an energy-rich gaseous intermediate molecule, such as methane or hydrogen,
which reduces the efficiency of the system.
Although the principles behind MFC technology were discovered approximately 100 years ago, the
technology has received renewed attention in the past decade as a promising source of alternative energy. [8,
9, 10] Recent MFC research has produced many experimental designs and intriguing results. Some
configurations use carbon rods as anodes and carbon paper exposed directly to air as a cathode. Other
designs incorporate platinum catalysts into the cathode, which can employ a proton exchange membrane for
ion transfer, and/or use electron mediator molecules to shuttle electrons between the microorganisms and the
anode. [11, 12] However, all MFCs operate on the same principles: the oxidation of a carbon source occurs at
the anode while the reduction of O2 to H2O occurs at the cathode.
Much research still needs to be done with MFCs to make them practical and cost-efficient. Platinum
catalysts and proton-exchange membranes commonly are used in experiments, but both are expensive and
impractical to implement on a large scale. Electron mediator molecules can dramatically increase power
output [13], yet many of these molecules are toxic and non-renewable, detracting from the environmental
benefits of the system.
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Among key goals in MFC development are devising methods to select effective microbial communities
and engineering a reactor design yielding maximum electrical output. Additionally, creating a low-cost,
simple apparatus is critical for this technology to bring clean water and energy to impoverished areas of the world.

MFC Design and Operation
Construction of MFCs and analysis of their operation requires use of a variety of tools from the
disciplines of engineering, chemistry, and biology. A reactor must be designed to have a large anode surface
area to receive electrons donated by bacteria. Conditions in the anode chamber must be strictly controlled to
discourage secondary reactions such as fermentation and reduction of extraneous electron acceptors. These
will reduce efficiency of the reactor. Finally, identifying and selecting microbial communities present in the
reactor is an important step toward optimizing the reactor’s electricity-producing capability.
Tests performed in this study analyzed degradation of substrate in wastewater. These included COD
(Chemical Oxygen Demand, a measurement of carbon available for bacteria to consume), pH, voltage, and
NH4-N (nitrogen available for bacteria to consume in the form of ammonium ions).
Although nitrogen does not directly take a role in the principal oxidation-reduction reaction of
metabolism, it is used for anabolic synthesis. A microorganism needs nitrogen to build new cells and to
manufacture proteins responsible for electron transfer. Thus, nitrogen consumption kinetics are an indicator
of both how fast a microorganism is consuming substrate and potentially producing power and how useful
the population might be for wastewater treatment.
The goal of maximizing substrate consumption must be balanced with the goal of maximizing power
output. The amount of power output can be derived from voltage measurements across a resistor using
simple formulae. Theoretically this can approach 100% yield in an inorganic system, but the energy needed
for cellular growth typically limits efficiency.

Research Goals
These studies of MFC kinetics had three major goals. First, the physical design of the reactor needs to
maximize the growth of microbial electron donors. These bacteria could be in the form of a biofilm or in the
planktonic state in the bulk-phase medium. Biofilms are of particular interest in wastewater treatment, as
they are known to gain energy for growth and maintenance by consuming pollutants, or substrates, and are a
preferred lifestyle for many bacterial populations [14]. In an MFC, a stationary microbial community in the
form of a biofilm on an anode ensures consistent power output.
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Electricity-producing properties of microbes also are affected by the chemical environment of the
reactor. This study examines how various electron acceptors affect power output and act as selecting agents
for a unique community of electricity-producing organisms. Electrical production is determined by a
microorganism’s ability to reduce external, inorganic electron acceptors.
The second major goal of this study is to optimize the seeding, evolution, and growth of the microbial
population for its ability to clean water and generate electricity. A community that can perform both of these
tasks efficiently must be selected from a larger population of microorganisms present in wastewater.
The third goal of this study is to measure the relationship between substrate consumption kinetics and
electricity production to create an integrated measurement of efficiency for the reactor. This will be useful
for comparing and enhancing future reactor designs.

2. MATERIALS AND METHODS
MFC Construction
An MFC is an anaerobic bioreactor in which bacteria oxidize various substrates to produce free
electrons, or electricity. The electrons are channeled away from the terminal electron acceptor to an anode. A
wire carries the electrons from the anode to the cathode, creating a current. A separate, aerated cathode
chamber is where the reduction of O2 to H2O occurs, as in a typical electrochemical cell.
A low-cost, single-chamber MFC was designed by the author (Figure 1).

Figure 1. Diagram of a Single-Chamber Microbial Fuel Cell
A single-chamber MFC has its cathode
chamber located inside the anode chamber.
Here, the wall of the cathode chamber is
porous, unglazed ceramic that allows
movement of ions back and forth.
Chemically inert carbon, in the forms of a
graphite rod, is used for the cathode.
Carbon cloth is used for the anode for its
conductivity and non- toxicity. Power is
measured across a 10-ohm resistor.
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Four fuel cells were made from 6-in. Plexiglas cubes. Fired, unglazed ceramic tubes served as cathode
chambers. Carbon cloth (non-wet proof, type A, BASF Fuel Cell, Inc., Somerset, N.J.; Etek-inc.com) was
sewn onto 16 rectangular frames that were cut from flexible plastic sheets. Each clay tube held four of the
cloth-covered frames. The tube and attached panels fit securely in each box (Figure 2).

B

A

Figure 2. Basic Assembly of a Single-Chamber MFC. Photo A shows the four panels attached to the central
porous tube. Photo B shows the empty reactor. A graphite rod will stand in the center of the tube.

After Phase I enrichment (described in the next section), each anode panel was connected by copper
wire. One panel had a longer wire protruding from the cell to allow for measurement recording. All voltage
measurements were recorded with a DT9810 USB Data Acquisition Module (Data Translation, Inc.,
Marlboro, MA; datx.com) connected to a desktop computer. Removable tops of the Plexiglas boxes were
sealed with silicone tape; holes drilled into the tops allowed the ceramic tubes and anode wires to pass
outside of the cells without disrupting the seal on each box, thus maintaining anaerobic conditions.
Each cathode chamber was filled with a pH 6.2 phosphate buffer solution and held a 0.5-in. by 6-in.
graphite rod (Graphite Store, Buffalo Grove, IL; graphitestore.com). A 10-ohm resistor was glued to the wall
of each extruding ceramic tube and attached to the graphite rod. The anode wire was soldered to the other
end of the resistor to complete the circuit.
The anode chamber was filled with secondary wastewater effluent prior to chlorination, obtained from
a local wastewater treatment plant. This wastewater served as the base medium for all further experiments.
All wastewater experimentation followed Biosafety Level-1 guidelines. [15]
Each four-paneled device was placed into a 6-in. Plexiglas cube containing a 1:10 dilution of 273 mL
of anaerobically digested solids in a total volume of 2.73 L of filtered wastewater. Anaerobically digested
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sludge, easily available at a wastewater treatment plant, is known to contain a wide variety of anaerobic
microorganisms. [16] The reactors then were continuously stirred at a room temperature of 25o C., They were
kept running for 20 d to record observations. Each cell received a feed solution of 1.28 *103 mgCOD/L in the
form of sodium acetate and 128 mgNH4-N/L in the form of ammonium sulfate. This was added every 2d to
provide a steady stream of nutrients. Prior to each addition of feed solution, an equal amount of anode
medium was siphoned out to prevent overflow. Voltage was tracked as different communities were generated
in each cell.

Phase I: Anode Enrichment
Previous research has shown that anode enrichment with iron (III) oxide, Fe2O3 (a sparingly soluble
form of iron), allowed bacteria with iron-reducing (thus electricity-producing) capabilities to propagate. [17,
18] Other studies have found similar results when enriching the anode with sulfate. [19, 20]
To cultivate different bacterial communities, various electron acceptors were crystallized on the carbon
cloth anodes. Four solutions were used: iron (III) chloride, FeCl3 (a readily soluble form of iron), sodium
sulfate, iron (III) sulfate or Fe2(SO4)3, and deionized water. Each set of carbon cloth panels was submerged
in one of these solutions and heated. After most of the water had evaporated, crystals started forming on the
anode. These anode panels were then removed and placed in the MFCs, which then were set up for data
collection.
The cell enriched with iron (III) chloride generated the most electricity and the community from this
cell was used for future experiments.

Phase II: Batch Reactors
For these experiments, two cells were created from the original community that was enriched with
iron. This was designated as the first-generation cell or F reactor. One cell was inoculated with a small
sample of biofilm from the F reactor; this cell was labeled F-B. The other cell was inoculated with 273 mL of
bulk phase media from the F reactor; this cell was labeled F-M. Feed conditions were the same as for the
previous generation.

Phase III: Feed Switch
In the next set of tests, feed conditions were changed. The nitrogen source in the feed was changed
2−
from ammonium sulfate to ammonium chloride to avoid any sulfate reduction in the cell ( SO4 → H 2 S )
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from diverting electrons from the desired, electricity-producing pathway. Less ammonium was added to the
feed solution to avoid the possibility of ammonia toxicity. To increase power output glucose, a more energyrich substance, was used instead of acetate as the carbon source.
To inoculate the two third-generation cells, one liter of bulk phase media from the F-M secondgeneration reactor was centrifuged and the supernatant discarded. The liquid was allowed to slowly
evaporate for 3d to ensure no ammonia or sulfate remained. Half of the pellets then were suspended in
filtered wastewater, and the remaining pellets were suspended in wastewater containing glucose. These
resuspended pellets were left to acclimate for a week and were then added to two new cells.

Phase IV: Kinetics Tests
After one week of acclimation and daily ammonium tests, kinetics experiments to determine general
consumption rates were designed around a nutrient spike in the form of a sudden injection of glucose and
ammonium into the reactor. These tests monitored biomass, ammonia concentration, pH, voltage, and
concentration of COD. Ammonia tests were performed every hour, while COD and biomass tests were taken
every 2 hr. Voltage was measured every 10 sec. with the data recording device. For each sample removed, an
equal volume of tap water was added to the reactor.
In order to administer the nutrient spike, 27.3 mL of the bulk phase of the reactor was removed. A
syringe was filled with 27.3 mL of the glucose spike solution. The liquid was added to the medium of the
reactor through the hole in the top of the cell. This hole was kept plugged to maintain anoxic conditions by
minimizing surface vortexing that might dissolve oxygen from the headspace into the medium.
After the first set of tests, leaks occurred in the MFCs, and a second dual-chamber system was created
(Fig. 3) for use in the second set of kinetics tests. Each test for ammonia and pH was taken every 30 min.,
and tests for COD were done hourly.

Figure 3. A Dual-Chamber MFC Set Up for
Running Kinetic Tests. Center containers hold
graphite rods in an acetate buffer to maintain
optimal pH (acidic) conditions for the reduction
half-reaction. The left and right chambers hold
microbial communities, which produce electricity.
All phosphate buffer experiments were performed
in the dual-chamber setup.

Copyright © 2008 Water Environment Federation. All Rights Reserved

22

Journal of the U.S. SJWP
For the Future, From the Future

Phosphate Buffer Experiments
Tests compared results from the biofilm community and from microorganisms in the bulk phase-liquid
or planktonic state. The medium was drained from one cell (the FMG cell) and the anode panels were
submerged in a pH 7.1 phosphate buffer. Following this, both cells were inoculated with the glucoseammonia solution and voltage was monitored for 3d (Figure 6).
A second test determined whether a voltage increase was caused by a new phosphate buffer or by a
spike of glucose-ammonium solution. Biofilm from the previous experiment was submerged into a new
phosphate buffer; the cell was not given fresh nutrient for 1d.
A third test looked at how electrical output was affected by keeping the bulk phase media in the control
reactor while adding a fresh anode with no biofilm. The anode of the FMW cell had its anode panels
removed. A new set of clean anodes was submerged and a nutrient spike was immediately added. Voltage
was monitored for 3d (Figure 7).

Ongoing Phylogenetic Analysis
Molecular biological analysis of microorganisms in the reactors was conducted. Three reactor samples,
from the initial sludge sample and from each of the F and D reactors, were purified and amplified for 16S
rDNA. A clone library was made with the 16S rDNA. The DNA was extracted, purified and sequenced.
Sequenced DNA was read with ChromasPro (http://www.technelysium.com.au/ChromasPro.html) and used
to identify organisms through the BLAST algorithm (http://www.ncbi.nlm.nih.gov). Phylogenetic trees show
relationships among organisms found in each reactor sample, based on 16S rDNA sequencing (Figures 8, 9).
This type of molecular analysis will be used to determine the species responsible for electricity production in
an MFC, which could improve power output.

3. RESULTS
Anode Enrichment
Voltage data from the first generation of cells (enriched with various electron acceptors) showed the
largest increase in voltage. The best performing community was in the cell enriched with FeCl3.
The F reactor (enriched with FeCl3) showed the greatest voltage increase over time (Fig. 4). The FS
reactor (enriched with Fe2(SO4)3 ) also experienced an increase, although a smaller one, and the S reactor
(enriched with Na2SO4) reactor showed no increase in voltage.
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A thick, orange biofilm was observed on the anode panels of the FS reactor; a thin, red-orange biofilm
was observed on the F reactor anode. A few wispy, gray strands were observed on the anode of the S reactor;
this reactor had the most turbid bulk phase medium.
Calculations of maximum power received from the voltage data are as follows:
V 2 (0.40V )2
P=
=
= 16mW
R
10.0Ω

Equation 1.

16mW
= 424 mW
2
m2
0.0377 m

Ammonium Consumption
After a spike, ammonium concentrations showed a steady decrease in concentration (Fig.5). One day after
the spike, ammonium concentrations returned to baseline levels.

Voltage Increase from Anode Enrichment
Ammonium Kinetics
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Figure 4. Voltage (power) production before and 20
hours after a nutrient spike.

Figure 5. Ammonium concentrations in two reactors before
and after addition of a glucose-ammonium spike solution.
Measurements of ammonium were performed by converting
the ammonium into ammonia by a pH shift and measuring
the concentration with an ammonium probe.

Biofilm Kinetics 1
Over 3d, a nutrient spike given to the reactor containing a thick, gray biofilm in a phosphate buffer resulted
in a logarithmic increase in voltage (Fig. 6). In the control reactor, the nutrient spike caused a slow and short
increase in voltage followed by a decrease in voltage to below baseline levels. This test was performed three
times to ensure reliability.

Biofilm Kinetics 2
A delayed spike in the biofilm/phosphate buffered cell demonstrated that the logarithmic growth in voltage is
caused by the addition of glucose-ammonium solution itself and not by the phosphate buffer (Fig. 7). In the
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control reactor (described in Methods, section F) a slow logarithmic increase in voltage was observed. The
R2 constant was not as high as those associated with the biofilm/phosphate cells. A possible explanation for
this is the lack of a biofilm at the beginning of the test, followed by the acquisition of a thick gray biofilm
toward the end of the experiment.
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Figure 6. The First Set of Phosphate Buffer
Results Described in Part F of the Procedures.
Regions of oscillations in the graph show
interference in the line connecting the fuel cell to the
data acquisition card.

Figure 7. Voltage of the Two Reactors from the Second
Test of the Phosphate Buffer Experiments Over the
Course of Three Days. By delaying the nutrient spike for a
couple of days, the growth in electricity can be directly
attributed to the glucose spike and not to the transfer of
medium.

Power and Efficiency
Maximum power generated during the second phase of the experiment in the F-M cell was calculated:
V 2 (0.67V ) 2
=
= 44.89mW
Equation 2. P =
R
10.0Ω

44.89mW
= 1190 mW
2
m2
0.0377 m

Efficiency measurements assessed how the microbial community oxidized substrate. The
Nernst equation relates the free energy of a particular reaction to the voltage difference of the reaction. This
equation can then be modified for the particular concentrations of reactants and products present in the
reactor. The standard potential of the cell was calculated to be 1.244 V for the oxidation of glucose
(C6H12O6) to CO2 coupled with the reduction of O2 to H2O. Using this standard potential and the
concentration of glucose added to each nutrient spike (5.6 mM) yields:
Equation 3.

⎛
[CO 2 ] 6
∴ ξ cell = 1.24V − ( 2.46 ∗ 10 − 3 ) log ⎜⎜
6
⎝ [0.0056 ][O 2 ]

⎞
⎟
⎟
⎠
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At the start of each spike, an air bubble was passed through the cathode chamber. This was done in the
second iteration of tests. Saturating the solution with air created an O2 concentration of 7.0 mg/L. From this,
as well as the proportion of O2 to CO2 in air, the aqueous concentration of CO2 can be calculated from
Henry’s Law. [21, 22] Substituting these values into the Nernst equation gives:
Equation 4.

⎞
⎛
[5.14 • 10−7 ]6
⎟ = 1.27V
∴ ξ cell = 1.24V − (2.46 ∗ 10 − 3 ) log⎜⎜
−4 6 ⎟
[
0
.
0056
][
2
.
19
10
]
•
⎠
⎝

The maximum possible voltage attainable is 1.27 V. Comparing this to the maximum observed voltage
(0.784 V), simple efficiency calculations yield the following:
Equation 5.

Efficiency =

Vact
0.784V
• 100 =
• 100 = 61.7% Efficiency
Vth
1.27V

Thus, the cell produced approximately 62% of the voltage of a 100% efficiency cell.

Phylogenetic Analysis of Microbial Community
In the iron-enriched reactor, three distinct families of organisms, shown in green, yellow, and blue,
appeared to dominate the population (Fig. 8). Arcobacter cryaerophilus, shown in red, is a known αproteobacterium, which has been documented to produce electricity. [23] In the starter culture of
anaerobically digested sludge, the microbial ecology shows no such organization (Fig.9). The many findings
of previously uncultured bacteria emphasize the diversity of the original community.
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Figure 8. Sample of the Bacterial Population of the
Iron-Enriched Reactor. The species fall into three
distinct groups, which are identified by colors.

Figure 9. Sample of the Bacterial Population of the
Anaerobic Digester. There appear to be no distinct
groupings of organisms, and many are uncultured.

4. DISCUSSION
The high voltaic efficiency showed that the microbial community was properly carrying out the
oxidation half-reaction. This is very important with respect to the use of the MFC for wastewater treatment.
Rapid consumption kinetics and high efficiencies mean that more wastewater can be treated in a given
amount of time. Since cost is a major factor in wastewater treatment, removing COD and nitrogen from
wastewater in a cost-efficient, energy-producing reactor potentially creates an economical method of
providing wastewater treatment.
Reproducible data were obtained from the phosphate buffer experiment, in which biofilm bacteria were
shown to be responsible for most of the energy production. Voltage growth over time was logarithmically
correlated R2 = 0.97 (Figures 6, 7). This experiment showed that the biofilm/phosphate-buffered reactor
produced voltage at a greater rate than the control reactor did (Figures 6, 7). Qualitatively, the fact that the
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control reactor—with a fresh set of anodes and the medium in the planktonic state—spontaneously grew a
biofilm suggests this was a preferred growth state for these electricity-producing bacteria. It may also mean
an equilibrium exists between the two types of bacteria.
SO42 − reduction to H2S plays a significant role in inhibiting electron transfer to the cathode. The high
concentration of sulfate (deducible from the high concentration of ammonium in the first- and secondgeneration cells) made it a more convenient electron acceptor allowing electrons to escape capture.
Consequently, the cell with the least sulfate (with FeCl3-enriched anodes) produced the most power (Figure
4). This information sets boundaries on the types of materials to be used in future reactors.
Finally, the microbial ecology of the reactor is perhaps the most important aspect to consider in
engineering a new reactor design. It is important to encourage growth of specific types of biofilms in an
MFC as indicated by the evolution of the microbial population. To avoid biofouling, conditions were created
in the reactors to encourage active competition and reproduction of desired species. A membrane-biofilm
reactor, in which feed diffuses into the reactor through a layer which supports a biofilm, seems to be a logical
next step in the engineering aspect of this project. This will necessitate a radical new design for the next
generation reactor; preliminary design ideas currently are being studied.

5. CONCLUSIONS
1. The low-cost, simple MFC used in these experiments succeeded in simultaneously generating power and
degrading organic nitrogen and carbon in wastewater. The MFC was approximately 62% efficient (Equation 5).
2. Preliminary tests (Equation 2) showed the reactors produced approximately 1.2 W/m2 across a 10Ω
resistor. This power density is on the high end of those recorded previously. [24] In the absence of a resistor,
voltaic efficiencies are consistent with the energy theoretically produced by the reaction and consumed by
the microorganisms (Equations 4, 5).
3. A stable system requires robust growth of electricity-producing microorganisms and continued selective
reproduction for maximum electricity production. This requires the presence of iron. Species have been
discovered that reduce iron (III) to iron (II) in the natural environment. [25] Insoluble iron [26] and soluble
iron compounds present in a reactor select for organisms with this capability. Supporting this argument is the
observation that the population changed in color during these experiments. An examination of the microbial
population using molecular biological methods supported the idea of an active population selection in the
MFCs. It may therefore be possible to achieve even higher power yields through active manipulation of the
microbial population.
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4. While the MFC design created for this experiment proved useful, it can be improved. The setup used clay
tubes as porous membranes. These appeared to be too fragile for use in extended experimentation and should
be fortified or replaced with another low-cost alternative. Carbon pellets, which greatly increase the surface
area for microbial growth and power output, are currently being investigated.
In addition to power generation, the reactors were able to treat wastewater as demonstrated by the rapid removal
of a nutrient spike containing carbon and nitrogen. Taken together these observations suggest a potential for
wastewater treatment in an electricity-producing MFC. Extracting energy from a system treating wastewater cuts
down on treatment costs and is a step toward sustainable water use and reuse. This system may be of value in both
developed and undeveloped areas of the world as well as in large public and commercial facilities, and for a variety of
isolated, small-scale applications, including those at sea or in space.
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